In this paper, the effect of high magnetic field on the development of property were investigated by calcination of MgFe-LDH (CO 3 ) as a precursor of ferrite material under applied field of 10 T. Obtained products were identified by X-ray diffraction analysis (XRD) and their microstructures were observed using scanning electron microscopy (SEM). Furthermore, their magnetic properties were evaluated by a superconducting quantum interference device (SQUID). It was observed that the particle size of mixed oxide prepared by calcination under 10 T was homogeneous and small. Saturation magnetization of mixed oxide synthesized under 10 T was higher than that of zero field. Therefore, it was found that calcination due to imposition of high magnetic field affected phase transition to mixed oxide and provided enhancement of its property.
Introduction
The ferrimagnetic oxide called ferrite is a spinel ceramic with the general chemical composition M . This is widely used in various fields like a magnetic memory media, an electric component, a microwave device, and so on. [1] [2] [3] [4] Spinel has a face-centered cubic structure in which A and B sites occupy tetrahedral and octahedral location, respectively. There are two types of spinel structure derived from different location of cation. For the normal spinel, octahedral sites are filled with M 2þ and Fe 3þ ions, whereas the inverse one has only half of the Fe 3þ ions at tetrahedral sites and the other Fe 3þ and M 2þ ions at octahedral sites. They are possible to prepare by processing of either solid phase method like conventional ceramic method 5) and self-propagating high-temperature synthesis 6) or liquid phase method like environmental low-loaded solgel 7) and co-precipitation 8) one. In the solid phase method due to metal oxides, high temperature above 1100 C and long reaction time are needed, and furthermore it is difficult to obtain homogeneous ferrite. Also, the proposed sol-gel method have problem of contamination due to organic residues.
On the other hand, Layered Double Hydroxide (LDH) is known as an anionic lamellar compound, in which composition formula is [M [8] [9] [10] [11] [12] [13] It is known that as LDH is calcined, divalent metal oxide is generated at around 300 C by thermal decomposition and then calcination at 800 C produce spinel oxide. 14, 15) Recently, some attempts using this thermal decomposition to increase properties of ferrite are performed. Meng 17) However, the former has worry of air pollution due to NO x formation, and the latter is difficult to control oxidation condition Fe 2þ ions during heat treatment. Therefore, development of a novel process to increase magnetic performance of ferrite by the easier method is desired.
We focused on a study on ceramics processing due to external field such as magnetic, electric, and gravity field. They have been attracted much attention and a variety of studies on microstructure and property change provided by their effect were performed. Especially, we had an interest in high magnetic field among them. It was reported that high magnetic field also affected various ceramics regarded as non-magnetism, when they had shape and structure anisotropy. [18] [19] [20] [21] For example, Nakahira et al. reported that hydroxyapatite with an additive prepared by in-situ sintering with high magnetic field in an air atmosphere possessed significantly higher relative density than ones sintered under 0 T. 20) As shown in these reports, it is expected that treatments under high magnetic field change a structure and an orientation of materials and various properties are also enhanced. In this study, we investigated the effect of high magnetic field on mixed oxide generated by calcination of LDH precursor under applied field. Samples were prepared by dropping the mixing aqueous solutions into 0.05 mol/l NaHCO 3 aqueous solution. A concentration of the reaction system was kept constant pH 10 by using 1.0 mol/l NaOH aqueous solution. Obtained precipitates were aged at 60 C for 24 hours. Then, they were separated from liquid phase and washed three times by deionized water and finally airdried at 110 C for 24 hours. Finally, powdered samples were obtained by crushing.
Calcination of LDH precursor
As is shown in Fig. 1 , the resulting LDH precursor was filled up into a quartz tube and set in the magnetic field center of a vertical-type superconducting magnet (HF10-100VHTS-2, Sumitomo Heavy Industries, Ltd.). Subsequently, it was calcined under magnetic field of 10 T at 200, 300, 400, 500 and 800 C for 2 hours in air with a heating rate of 4 C/min and then calcined products were slowly cooled to room temperature. For comparison, the similar experiment was carried out without imposition of magnetic field (0 T).
Characterization
Obtained and calcined samples were identified by powder X-ray diffraction (XRD, Rint-2500, CuK 40 kV 50 mA, Rigaku). Furthermore, chemical bondings in LDHs were characterized by Fourier transform infrared (FT-IR, Spectrum GX, PerkinElmer, Japan). Thermal behavior of interlayer water and anions of samples was evaluated using differential scanning calorimetry (DSC, DSC-60, Shimadzu). The microstructures of products were investigated by field emission scanning electron microscopy (FE-SEM, S-4800, 15 kV, Hitachi). The magnetic property of calcined products was evaluated by using a superconducting quantum interference device (SQUID, MPMS, Quantum Design Japan). Figure 2 illustrates XRD patterns of products prepared using co-precipitation method. They had sharp and symmetric peaks at low 2 angle and diffraction patterns due to lamellar compounds. All products were identified to a single phase of LDH and no other peaks such as Mg(OH) 2 and Fe(OH) 3 were present. Lattice parameters (a-and c-axis) for MgFe-LDH calculated from the position of XRD peaks are summarized in Table 1 . They decreased with increase of trivalent cations substitution (Mg 2þ /Fe 3þ molar ratio decreased), as reported by previous reports.
Results and Discussion

Preparation of LDH precursor
12 ) It was confirmed that Fe 3þ ions were successfully incorporated into the host layer of LDH.
FT-IR spectra of obtained products in the region between 400 and 4000 cm À1 are shown in Fig. 3 . All products had a broad absorption band due to O-H stretching vibration at around 3600 cm À1 and a sharp absorption band attributed to C=O asymmetric stretching vibration were observed around 1370 cm À1 . Kloprogge et al. reported that infrared absorption band of free CO 3 2À ions in aqueous solution located at 1415 cm À1 , whereas the band in the LDH had lower wavenumbers. 13) Therefore, a shift of this absorption band suggested that CO 3 2À ions in MgFe-LDH were existed at the interlayer.
DSC curves of products composed with various molar ratios are shown in Fig. 4 C is due to elimination of the interlayer water. As Mg 2þ / Fe 3þ molar ratio decreased (increase of Fe 3þ ions substitution), their location and area had tendency to shift to high temperature side and to be larger. Subsequent sharp endothermic peaks at around 360 C indicated the de-carbonation and their areas decreased with increase of Fe 3þ ions substitution (Mg 2þ /Fe 3þ molar ratio decreased). Also, a broad endothermic peak between first specific one (200 C) and second one (360 C) at around 300 C is due to a condensation dehydration of hydroxide part with trivalent cation 14) and it is becoming clear with increase of Fe 3þ ions. These results indicate that increase of amount of Fe 3þ ions contributed to stabilize lamellar structure of LDH, because substitution of trivalent cation into the host layer made positive charge density increase and so it enhanced electric interaction between the host layer and carbonate anions in the interlayer. However, the influence on the collapse of the host layer by increase of trivalent cation is too large to keep lamellar structure, as a result, it is considered that gradual decarbonation yielded.
Calcination of LDH precursor
In this study, calcination experiment under high magnetic field was carried out in the system containing the largest amount of Fe 3þ ions (Mg 2þ /Fe 3þ = 2) of above MgFeLDHs. Figure 5 shows XRD patterns of products obtained by calcination of MgFe-LDH (CO 3 2À ) precursor under 0 (Fig. 5(A) ) and 10 ( Fig. 5(B) ) T at various temperatures. For calcination of 0 T, a diffraction pattern of the product at 200
C was similar to that of precursor. Subsequently, calcinations at 300, 400 and 500 C were destroyed the lamellar structure of LDH, and intermediate phase with hollow peaks derived from MgO (Periclace, JCPDS 45-0946) yielded. They became clear with increase of temperature from 300
C to 500 C. When LDH was calcined at 800 C, a characteristic diffraction pattern due to MgFe 2 O 4 (Magnesioferrite, JCPDS 73-1960) was observed. However, it was considered that the obtained product was mixed oxide of MgO and MgFe 2 O 4 in view of a stoichiometric composition of LDH, in which the ratio was Mg 2þ : Fe 3þ ¼ 2 : 1. On the other hand, there are no different diffraction patterns from that of 0 T until 400 C, whereas products obtained by calcination under 10 T over 500 C indicated a dramatic change. In detail, MgFe 2 O 4 had already yielded at low temperature of 500 C. Moreover, the calcined product at 800 C under 10 T was MgFe 2 O 4 with a good crystallinity compared to that of 0 T. Also, an impurity was observed at 500 and 800 C, regardless of imposition of high magnetic field, and it was identified to Mg(OH) 2 (Brucite, JCPDS 44-1482). It is expected to be due to rehydration, 10) which is a unique ability of calcined LDH, because interlayer water yielded by de-hydration of LDH remained in a narrow quartz tube during cooling process.
The microstructure of calcined products was investigated by SEM. Typical SEM images of them were illustrated in Fig. 6 . Products obtained by magnetic and non-magnetic calcination at 500 C had no outstanding shape. However, it was observed that particle size was smaller than that of product obtained by conventional calcination of MgFe-LDH. In the case of calcination at 800 C, the difference was remarkable. The product under 0 T had average particle size of 150 nm, whereas particle with 50 nm was obtained by imposition of high magnetic field of 10 T. Also, primary particles of the product calcined under 10 T had homogeneous size, compared to that of 0 T. Thus, it was suggested that high magnetic field had an effect on not only a particle size but also its homogeneity. Figure 7 (A) denotes the field dependence of the magnetization at 300 K of products obtained by calcination of precursor under zero field of 0 T and applied field of 10 T. The relationship between field and magnetization for mixed oxide calcined at 400 C under zero field was a proportion, whereas, that of applied field deviated from a linear curve. It is well-known that a magnetization curve of paramagnetism is a linear shape and that of ferrimagnetism is a hysteresis one. Therefore, it was suggested that the former was MgO with Fe 3þ ions of paramagnetism and the latter had slight MgFe 2 O 4 of ferrimagnetism. Then, the hysteresis roops measured at room temperature of products prepared at 800 C under 0 and 10 T are displayed in Fig. 7(B) . As shown in this figure, it was found that they were ferrimagnetic spinel. Obviously, the product calcined at 800 C in applied field had higher saturation magnetization value than that of zero field. In detail, the magnetization of both mixed oxides synthesized at 800 C saturated by application of external magnetic field of about 7. 2þ have n electrons in the d shell, the magnetic dipole moment is n B . The total magnetic dipole moment is m ¼ fn½1 À 2x À 10½1 À xg B . The fully normal spinel have x ¼ 0 and inversely x ¼ 1 is the fully inverse spinel. In the case of M 2þ = Mg 2þ , m depends on inversion parameter (x) because of n ¼ 0. Cross et al. performed synthesis of MFe 2 O 4 by self-propagating high-temperature synthesis method under magnetic field of 1.1 T and they reported that imposition of magnetic field have an effect on inversion parameter. 6) On the other hand, Bellotto et al. reported that phase transition from LDH to spinel oxide structure via divalent metal oxide structure by heat treatment is due to migration of some of the trivalent cations in the octahedral sites to tetrahedral sites at the point of dehydration. 15) Consequently, when Mg 2þ and Fe 3þ ions migrate to tetrahedral and octahedral cites, it is anticipated that high magnetic field affected inversion parameter of MgFe 2 O 4 in the system by co-precipitation method as well as above solid phase method. As a result, it is thought that variation of saturation magnetization is observed. However, the detailed mechanism for formation of MgFe 2 O 4 at low temperature (400 C) and magnetization increase is still under investigation.
Magnetic property of mixed oxide
Conclusion
In this study, we investigated variation of structure and magnetic property due to calcination under high magnetic field (10 T) of MgFe-LDH (CO 3 ) prepared by co-precipitation method. The following results were obtained. When heat treatment under applied field of 10 T was performed, from XRD patterns and SQUID measurement, it was found that it is possible to prepare MgFe 2 O 4 at much lower temperature than traditional ceramic method and co-precipitation method.
As calcination under applied field at 800 C was carried out, obtained mixed oxide had homogeneous and fine particles. Furthermore, it had higher saturation magnetization, compared to that of zero magnetic field.
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